follows a universal scaling relation with longitudinal electric resistivity and has mild temperature dependence because elementary excitations play only a minor role in resistivity and hence ISHE. Here we report that the ISHE of metallic glasses shows nearly two orders of magnitude enhancements with temperature increase from a threshold of 80-100 K to glass transition points. As electric resistivity changes only marginally in the temperature range, the anomalous temperature dependence is in defiance of the prevailing scaling law. Such a giant temperature enhancement can be well described by a two-level thermal excitation model of glasses and disappears after crystallization, suggesting a new mechanism which involves unique thermal excitations of glasses. This finding may pave new ways to achieve high spin-charge conversion efficiency at room and higher temperatures for spintronic devices and to detect structure and dynamics of glasses using spin currents.
Spin-charge conversion via inverse spin Hall effect (ISHE) is essential for enabling various applications of spintronics. The spin Hall response usually
follows a universal scaling relation with longitudinal electric resistivity and has mild temperature dependence because elementary excitations play only a minor role in resistivity and hence ISHE. Here we report that the ISHE of metallic glasses shows nearly two orders of magnitude enhancements with temperature increase from a threshold of 80-100 K to glass transition points. As electric resistivity changes only marginally in the temperature range, the anomalous temperature dependence is in defiance of the prevailing scaling law. Such a giant temperature enhancement can be well described by a two-level thermal excitation model of glasses and disappears after crystallization, suggesting a new mechanism which involves unique thermal excitations of glasses. This finding may pave new ways to achieve high spin-charge conversion efficiency at room and higher temperatures for spintronic devices and to detect structure and dynamics of glasses using spin currents.
Main text
Spintronics, in which spins replace charges in electronics, offers a futuristic possibility of the high efficiency data storage, information transport and quantum computing (1) . In particular, the interconversion between a spin current and a charge current via spin Hall effect (SHE) and inverse spin Hall effect (ISHE) is crucial for realization of spintronics in many device applications (2) (3) (4) (5) . In both SHE and ISHE effects, a transverse current is created due to the deflection of spin-up and spin-down electrons in opposite directions by means of spin orbit coupling, which essentially shares the same physics with the anomalous Hall effect in ferromagnets (5, 6) . The transverse response usually has a scaling relation with longitudinal electric resistivity (5) (6) (7) . Therefore, increasing electric resistivity by introducing chemical impurities and structural defects can synchronize with enhanced spin charge conversion efficiency (8) . In contrast, the temperature effect is generally minimal in the spin-charge conversion due to the weak temperature dependence of electric resistivity (9) (10) (11) (12) and, in fact, has not been expected as an effective factor to significantly improve spin-charge conversion in nonmagnetic materials (5, 8) .
In this study we report that the ISHE of metallic glasses (MGs), a group of disordered metastable metallic materials, shows giant temperature dependence from an onset temperature of 80-100 K to the glass transition points while the electric resistance changes only marginally. The anomalous enhancement leads to 2 orders of magnitude higher spin charge conversion efficiency, compared to their crystalline counterparts, at room and higher temperatures. The exotic temperature dependence of the ISHE suggests a new mechanism in spin-charge conversion, which most likely involves the interaction of spins with unique thermal excitations of the structurally disordered materials.
We employed ISHE to measure the spin-charge conversion efficiency of MGs.
The ISHE setup is depicted in Figure 1A in which a 10nm-thick MG film deposited on an yttrium iron garnet (YIG) substrate is utilized as the detector of spin current which is injected from the underlying spin-pumping source. The conduction electrons in MGs are spin-polarized through the transfer of angular momentum from the precession of local spins in YIG driven by microwave. The injected spin current j s is converted to an electric current j c by ISHE in the MG layer. The established electric field E ISHE is perpendicular to the flow direction of spin current j s and spin polarization σ, that is, E ISHE // j s ×σ. Multicomponent Au 50.5 Ag 7.5 Cu 26.5 Si 15.5 and binary Pd 81.9 Si 18.1 MGs were selected as the model systems in this study because crystalline Au, Pd and their alloys have been commonly used as the detectors of spin-current conversion. Especially, Au does not suffer from the interference from magnetic proximity and the Nernst effect (5). Moreover, Au-and Pd-based MGs have high chemical stability and excellent glass forming ability (13) (14) (15) . The structure of the as-prepared MG films was characterized by high resolution transmission electron microscopy (HRTEM) (Fig. 1C) , selected area electron diffraction (SAED) and X-ray diffraction (XRD) (Fig. S1 in Supplementary Materials). No crystal lattice fringes and diffraction peaks can be seen from both the real-space and reciprocal-space images, demonstrating the amorphous nature of the pristine films. Differential scanning calorimetry (DSC) demonstrates that the metastable MGs experience dynamic and structural transitions from a glass to a super-cooled liquid and a stable crystal at the glass transition temperature (T g ) and the crystallization temperature (T x ) during heating from lower to higher temperatures (Fig. 1B) .
We measured the spin pumping and electric resistance of the MG films at temperatures from 20 K to above T x on heating and subsequent cooling. Fig. 2A Interestingly, the ISHE of MGs exhibits anomalous temperature dependence in a wide temperature range from an onset temperature of about 80-100K to T g . In particular, the V ISHE -temperature relation has a direct correlation with the dynamic and structure phase transitions of the MGs. At the lower temperature range from 20K to 80K, the V ISHE of Au-based MG has a vanishingly small change with temperature, which resembles those of crystalline metals of Au, Pd, Pt and Ta (9) (10) (11) (12) . When the temperature is higher than 86K for the Au-based MG and 101 K for the Pd based MG, V ISHE turns to be strongly temperature-dependent and dramatically increases from 130nV at 80K to the maximum of 2063 nV at 340 K for the Au-based MG (Fig. 2C) and 58.6 nV at 100K to 12000 nV at 400 K for the Pd based MG (Fig. 2D) . In particular, a large portion of the curves shows a nearly linear temperature dependence of V ISHE in the range from the onset temperature to a transition temperature of 0.7T g .
In the supercooled liquid region between T g and T x , the temperature enhanced V ISHE appears to saturate and the V ISHE -temperature relation shows a plateau with a weak temperature dependence. Further increasing temperature, the V ISHE sharply decreases from 2063nV at 340K to only 63nV at 400K for the Au-based MG. The critical temperature of 400K corresponds to the crystallization temperature T x of the glassy film as marked in the DSC curve (Fig. 1B) . Thus, the significant drop in V ISHE is caused by the crystallization of the MG as confirmed by HRTEM and SAED (Fig.   1D ). Upon gradually cooling the crystallized MG film from 400 K to 20 K, the V ISHE remains at lower values with the insignificant change from 65nV to ~30nV, similar to other crystalline materials (9) (10) (11) (12) .
To gain more insights of the anomalous temperature dependence of the ISHE of MGs, we conducted cyclic V ISHE measurements of the as-deposited Au-based MG in the temperature range from 20K to 320K. When the ending temperature is set below 250K which corresponds to the upper limit of the linear portion of the V ISHE -temperature curve (Fig. 2C) , the temperature dependence of V ISHE is fully reversible during multiple temperature cycles (Fig. 3A) , suggesting that the anomalous temperature dependence of V ISHE is associated with intrinsic thermal excitations in the disordered materials. When the highest temperature of the cycling is increased to 320K, entering into the nonlinear V ISHE -temperature region, V ISHE lags behind the linear temperature dependence and becomes obviously lower during cooling than that measured during heating. The transition temperature, 250 K, from linear to nonlinear response is about 0.75 T g , which is close to the starting temperature of the Johari-Goldstein (or slow ) relaxation (16) . Therefore, the high temperature nonlinear V ISHE -temperature dependence is most likely caused by the irreversible structural relaxation with the reduction in the atomic-level stresses and geometric frustration (17, 18) . The higher V ISHE of the as-deposited glasses than that of the relaxed one indicates that the temperature dependence of the spin-charge conversion is sensitive to local structure of MGs and could be utilized as an experimental tool to probe the structural evolution and dynamics of the disordered system. Importantly, although the high-temperature structural changes obviously affect the slops of the V ISHE -temperature relations, the onset temperature remains nearly unchanged, indicating that it is a characteristic temperature for the interaction between spins and the dynamics of glasses.
Note that the anomalous increase in V ISHE at temperatures above the onset temperature cannot be attributed to the variation in charge carrier density in the MG/YIG structure because the ordinary Hall effect remains nearly constant in the temperature range from 20K to 250K (Fig. S3 in Supplementary Materials) . The intrinsic magnetoresistance of the MG films is also irrelevant to the anomalous increase in V ISHE because the magnetic field dependence of electric resistance is vanishingly small in the temperature range ( (Fig. 3B) . Apparently, the Boson peak, the well-known low-energy excitation of glasses, does not have direct correspondence with the anomalous temperature dependence of V ISHE in both temperature and frequency.
Different from long-range periodic crystals, MGs contain a multitude of different atomic configurations corresponding to metastable states at local minima of the potential energy landscape (21) . The metastable feature offers metallic glasses rich dynamic modes in a broad spectrum (Fig. 3D ) and, particularly, there are unique dynamic excitations that are non-existent in crystals but universal in glassy materials (22) . The excitation of MGs can be approximately described by a two-level system in which two metastable states have an asymmetric double-well potential with a barrier energy V a , asymmetry energy , and generalized distance d (23) (24) . When the generalized distance d is sufficient small, the barrier between two metastable states can be passed by 'tunneling' through the asymmetry energy  at low temperatures or by thermal activation overcoming the barrier energy E a at high temperatures (25) . The V ISHE -temperature relations of Au and Pd based MGs before the occurrence of irreversible structural relaxation can be well fitted by a thermal activation equation:
, where V c and V 0 are temperature-independent constant and k B is the Boltzmann constant, based on a simplified two-level model with the assumption that the asymmetry energy  is close to zero and the anomalous enhancement of V ISHE is proportional to the relaxation rate of MGs ( Fig. 3C and Fig.   S6 in Supplementary Materials). The fitting parameters are summarized in Table S1 ( (23) as marked by the arrowhead in the schematic hierarchical relaxation spectrum (27) (Fig. 3D) . Therefore, the anomalous temperature enhancement of ISHE Table S1 Figures S1 to S7 Au-based MG. At high temperature, the deviation is associated with the onset of irreversible structural relaxation.
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